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1. I NTRODUCT ION 

s 

0 

0 

With the  use o f  composite (non -meta l l i c )  m a t e r i a l s  and 
m i c r o e l e c t r o n i c s  becoming more p reva len t  i n  t h e  c o n s t r u c t i o n  o f  both 
m i  1 i t a r y  and commercial a i  r c r a f t ,  t h e  c o n t r o l  systems have become more 
s u s c e p t i b l e  t o  damage o r  f a i l u r e  from e lect romagnet ic  t r a n s i e n t s .  One 

s tudy  the  e f f e c t s  o f  t h e  l i g h t n i n g  discharge on t h e  v i t a l  components 
o f  an a i r c r a f t ,  NASA Langley Research Center has undertaken a Storm 
Hazards Program i n  which a s p e c i a l l y  instrumented F106B j e t  a i r c r a f t  
i s  f lown i n t o  a c t i v e  thunderstorms w i t h  the  i n t e n t i o n  o f  being s t ruck  
by l i g h t n i n g .  The o v e r a l l  purpose o f  t h e  program i s  t o  enhance t h e  
capabi 1 i t y  of d e t e c t i  ng and avoi d i  ng t h e  hazards associ a ted w i t h  severe 
storms and improving des ign capabi 1 i t i e s  t o  p r o t e c t  a i  r c r a f t  systems 
f rom unavoi dab1 e hazards. 

Y source o f  such t r a n s i e n t s  i s  the l i g h t n i n g  discharge. I n  order  t o  

One o f  t h e  s p e c i f i c  purposes o f  t h e  program i s  t o  q u a n t i f y  t he  
env i  ronmental c o n d i t i o n s  which are conduci ve t o  a i  r c r a f t  1 i g h t n i  ng 
s t r i k e s .  To t h i s  end, t he  F106, through 1985, has made 1378 penetra- 
t i o n s  a t  a l t i t u d e s  ranging f r o m  3.1 km up t o  12.2 km (temperatures 
f rom + 5 O C  t o  -55OC) and obtained a t  l e a s t  690 d i r e c t  s t r i k e s  t o  t h e  
a i r f rame (F isher ,  - e t  ., a1 1986). Most o f  t h e  s t r i k e s  have occurred a t  
a l t i t u d e s  i n  excess of 6 km and temperatures co lde r  than -2OOC. Thus, 
a good data base has been establ ished f o r  t h e  study o f  l i g h t n i n g  
i n t e r a c t i o n  and envi ronment a t  h ighe r  ( c o l d e r )  a l t i t u d e s  (tempera- 
t u r e s ) .  Analys is  o f  these data has shown t h a t  t h e  g rea tes t  r i s k  o f  
a l i g h t n i n g  s t r i k e  t o  an a i rp lane  occurs a t  a l t i t u d e s  between 11 and 
11.6 km (-40 t o  - 4 5 O C )  where turbulence and p r e c i p i t a t i o n  i n t e n s i t i e s  
were c l a s s i f i e d  as l i g h t  (Fisher and Plumer, 1984). Analys is  o f  UHF 
radar  observat ions made dur ing f l i g h t  operat ions has i n d i c a t e d  t h a t  
t hese  h i g h  a l t i t u d e  l i g h t n i n g  s t r i k e s  were t r i g g e r e d  by t h e  a i r c r a f t  
(Mazur - e t  .' a1 1984). 

compi 1 a t  i ons o f  data concerning i nadver ten t  li g h t n i  ng s t r i  kes t o  
a i  r c r a f t  which show t h a t  most repo r ted  s t r i  kes occur i n  t h e  v i  c i  n i  t y  
o f  4.5 km a l t i t u d e ,  which has been very near t h e  f r e e z i n g  l e v e l .  
F i s h e r  and Plumer (1984) a l so  s t a t e  t h a t  t he  nature o f  t h e  h igh  a l t i -  
t ude  l i g h t n i n g  s t r i k e s  encountered ( t r i g g e r e d )  by t h e  F106 have been 
g e n e r a l l y  o f  a low ampl i tude cu r ren t  nature, cons i s ten t  w i t h  the  known 
c h a r a c t e r i s t i c s  o f  i n t r a c l o u d  l i g h t n i n g  discharges (a l though some o f  
t h e  t ime-resolved c h a r a c t e r i s t i c s  appear t o  be d i f f e r e n t  than a n t i c i -  
pated).  They s t a t e  t h e  need f o r  a l a r g e r  data base f o r  t h e  ana lys i s  
o f  1 i g h t n i  ng and s t r i k e  cha rac te r i  s t i c s  a t  lower a1 ti tudes where these 
c h a r a c t e r i s t i c s  are a n t i c i p a t e d  t o  be somewhat d i f f e r e n t .  The pr imary 
d i f f i c u l t y  d u r i n g  t h e  6 f i e l d  seasons o f  t h e  F106 program has been t h e  
p a u c i t y  of l i g h t n i n g  s t r i k e s  a t  a l t i t u d e s  below 6 km. To date, on l y  
75 d i  r e c t  s t r i k e s  t o  t h e  a i  r c r a f t  have been recorded below 6 km, 11% 
o f  t h e  t o t a l ,  w i t h  41 o f  these 75 o c c u r r i n g  i n  t h e  1985 f i e l d  season 
alone. V i r t u a l l y  a l l  o f  these s t r i k e s  occurred i n  t h e  a l t i t u d e  range 

The r e s u l t s  from t h e  Storm Hazards Program are i n  c o n f l i c t  w i t h  
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* 
from 4.3 t o  6 km (temperatures co lde r  than 0°C) and were apparent ly  
t r i g g e r e d  by t h e  a i r c r a f t  (a  deduct ion based on t h e  on-board sensors 
and UHF-band radar  data) .  

Given t h e  need o f  o b t a i n i n g  a b e t t e r  data base on lower a l t i t u d e  
1 i g h t n i n y  s t r i k e s ,  an e f f o r t  was undertaken t o  determine poss ib le  
methods o f  d i r e c t i n g  t h e  F106 i n t o  lower  a l t i t u d e  reg ions o f  thunder- 
storms where t h e  p r o b a b i l i t y  o f  a l i g h t n i n g  s t r i k e  would be maximized. 
T h i s  e f f o r t  invo lved t h e  work of two organ iza t ions ,  t h e  I n s t i t u t e  o f  
Atmospheric Sciences ( I A S )  a t  t h e  South Dakota School o f  Mines and 
Techno1 ogy and E l e c t  r o  Magnetic Appl i c a t i  ons, Inc.  (EMA) o f  Denver, 
Colorado. Th is  repo r t  summarizes t h e  work accomplished by I A S  
personnel. 

t 

a 

a 
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2. OBJECTIVES 

a 

3) 

The o b j e c t i v e s  o f  t h i s  research program i n v o l v e d  t h e  use o f  t he  
I A S  two-dimensional, Storm E l e c t r i f i c a t i o n  Model (SEM) t o  s imulate t h e  
thunderstorm environment i n  which t h e  F106 was operat ing.  The r e s u l t s  
o f  t h e  model s imu la t i ons  would be used i n  two ways. The f i r s t  use o f  
t h e  model r e s u l t s  was t o  provide EMA w i t h  data on t h e  t ime  e v o l u t i o n  
and s p a t i a l  p a t t e r n s  o f  t he  e l e c t r i c  f i e l d s ,  small  i o n  concentrat ions,  
e l e c t r i c  charges on c loud and p r e c i p i t a t i o n  p a r t i c l e s ,  and t h e  t o t a l  
charge pa t te rns  i n  t h e  simulated cloud. EMA personnel would then use 
these data as i n i t i a l  and boundary values i n  t h e i r  modeling s tud ies  o f  
t h e  a i  r c r a f t  li g h t n i  ng envi  ronment . 

The main use of t he  I A S  model s imu la t i ons  was t o  analyze t h e  
r e s u l t s  w i t h  an emphasis on look ing f o r  r e l a t i o n s h i p s  between t h e  
e l e c t r i c a l  s t r u c t u r e  of t he  storm and t h e  bas i c  c loud s t r u c t u r e .  The 
i n t e n t  of t h i s  ana lys i s  was t o  determine what observable character-  
i s t i c s  of t h e  c loud c o r r e l a t e  w i t h  s t rong  e l e c t r i c  f i e l d  regions a t  
lower  a l t i t u d e s  i n  t h e  hope o f  d e v i s i n g  a scheme f o r  v e c t o r i n g  t h e  
F106 i n t o  such regions t o  increase t h e  l i g h t n i n g  s t r i k e  p r o b a b i l i t y .  

An a d d i t i o n a l  o b j e c t i v e  of t h e  research e f f o r t  was t o  develop a 
1 i g h t n i n g  parameter izat ion scheme f o r  i n c o r p o r a t i o n  i n t o  the  SEM. The 
SEM, i n  i t s  o r i g i n a l  con f i gu ra t i on ,  was on ly  capable o f  s i m u l a t i n g  t h e  
development o f  t h e  e l e c t r i c a l  aspects o f  a thunderstorm up t o  t h e  t ime 
of  f i r s t  l i g h t n i n g .  Without a scheme f o r  s i m u l a t i n g  l i g h t n i n g ,  t he  
b u i l d u p  o f  t he  e l e c t r i c  f i e l d s  and charges would cont inue w i thou t  
l i m i t ,  reaching u n r e a l i s t i c  values and causing t h e  s i m u l a t i o n  t o  
t e r m i n a t e  because o f  t he  necessi ty o f  reducing the model t ime  step i n  
o r d e r  t o  mal n t a i  n numerical stabi  1 i t y  o f  t he  e l e c t r i c a l  t r a n s p o r t  
equat ions i n  these h i g h  e l e c t r i c  f i e l d s .  I n  nature,  t h e  e l e c t r i c a l  
s t resses  t h a t  b u i l d  up as t h e  charge separat ion processes proceed and 
t h e  e l e c t r i c  f i e l d  increases are r e l i e v e d  by t h e  charge t r a n s f e r  t h a t  
accompanies the  1 i y h t n i  ng d i  scharge. 
d ischarge must be incorporated i n  t h e  model i n  order  t o  accomplish t h e  
charge t r a n s f e r  and r e l i e f  of  e l e c t r i c  s t r e s s  so t h a t  s imu la t i ons  may 
con t inue  i n t o  t h e  mature and decaying stages o f  thunderstorm e v o l u t i o n .  
Only i n  t h i s  fashion can t h e  complete e v o l u t i o n  o f  a thunderstorm be 
s t u d i  ed dynami c a l l  y , m i  crophysi c a l l  y , and e l  e c t  r i  c a l l  y . 

An anal ogue t o  t h e  1 i g h t n i  ng 
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3. MODEL DESCRIPTION 

3.1 The Base Model 

The t h e o r e t i c a l  framework i s  a deep-convection, slab-symmetric, 
two-dimensional , time-dependent (ZDTD) c loud model which has been 
a p p l i e d  i n  t h e  past t o  severa l  atmospheric convect ive s i t u a t i o n s .  
Atmospheric wind, p o t e n t i a l  temperature, water vapor, c loud l i q u i d  and 
i c e ,  rain, snow, and g r a u p e l / h a i l  ( i n  t h e  form o f  i c e  p e l l e t s ,  f rozen 
r a i n ,  graupel, and small  h a i l )  a re  t h e  main dependent va r iab les .  The 
model has been developed from t h e  works o f  O r v i l l e  (1965), L i u  and 
O r v i l l e  (1969), Wisner e t  a l .  (1972), O r v i l l e  and Kopp (1977), and L i n  -- e t  a l .  (1983). 
extend the model t o  deep convection. 

--- 

1 A densi ty-weighted stream f u n c t i o n  has been used t o  

The nonl inear  p a r t i a l  d i f f e r e n t i a l  equat ions c o n s t i t u t i n g  t h e  base 
model inc lude t h e  f i r s t  and t h i r d  equat ions o f  mot ion ( f rom which a 
v o r t i c i t y  equat i on i s  d e r i  ved) , a thermodynami c equat i on, and water 
conservat ion equat ions ( f o r  t h e  t h r e e  phases). The model has been 
designed such t h a t  mesoscale convergence can be superimposed i n  t h e  
l ower  l e v e l s  and divergence i n  t h e  upper l e v e l s .  
such convergence i s  app l i ed  t o  t h e  model and f u r t h e r  d e t a i l s  o f  t h e  
hydrodynamic equat ions can be found i n  Chen and O r v i l l e  (1980). 

The manner i n  which 

The bul k-water pa ramete r i za t i on  used i n  t h i s  model d i v i d e s  water 
and i c e  hydrometeors i n t o  f i v e  c lasses: c loud  water, c loud ice,  ra in ,  
snow, and h igh  d e n s i t y  p r e c i p i t a t i n g  i c e  (graupel /ha i  1 ) w i t h  exponen- 
t i a l  s i  ze d i s t r i b u t i o n s  hypothesi zed f o r  t h e  t h r e e  p r e c i  p i  t a t i  ng 
c lasses. F i g u r e  1 w i t h  an accompanying key i n  Table 1 shows t h e  p r i -  
mary cloud m ic rophys i ca l  processes s imulated i n  t h e  model. B r i e f l y ,  
t h e  product ion o f  r a i n  from c loud water i s  s imulated us ing  equat ions 
based on t h e  works o f  Kess le r  (1969) and Berry  (1968). Graupel /hai  1 
i s  generated by t h e  aggregat ion o f  snow, by t h e  capture o f  snow or 
c l o u d  ice  by ra indrops ( con tac t  f r e e z i n g ) ,  o r  by t h e  p r o b a b i l i s t i c  
f r e e z i n g  o f  ra indrops (Bigg, 1953) due t o  t h e  i n h e r e n t  i c e  nuc le i  
con ten t  o f  a s p e c i f i c  voiume o f  water a t  s u i t a b i y  c o i a  temperatures. 
An approximation t o  t h e  Bergeron-Findeisen process i s  used t o  t rans -  
form some o f  t h e  c loud water t o  snow. Growth o f  h a i l  i s  governed by 
equations f o r  wet and d ry  growth (Musi l ,  1970) and shedding o f  r a i n  
f rom h a i l  i s  included. Cloud water may be transformed t o  c loud i c e  
i n  t h e  region between 0°C and -4OOC us ing  an equat ion developed by 
Saunders (1957). Na tu ra l  c loud i c e  i s  normal ly  i n i t i a t e d  a t  tempera- 
t u r e s  o f  - 2 O O C  and co lde r ,  us ing  an equat ion a f t e r  F l e t c h e r  (1962) f o r  
t h e  number o f  n a t u r a l  i c e  nuc le i  a c t i v e .  Homogeneous f r e e z i n g  occurs 
a t  -4OOC. 
va r ious  forms o f  l i q u i d  and s o l i d  hydrometeors are simulated. 

Accret  i onal processes (i n c l  u d i  ng r i m i  ng) i nvol  v i  ng t h e  

a 

a 

a 

a 

0 

Rai n, snow, and graupel / ha i  1 have apprec iab le t e r m i n a l  fa1 1 
v e l o c i t i e s ,  w h i l e  c loud water and c loud  i c e  have zero t e r m i n a l  v e l o c i t y  
and, hence, f o l l o w  t h e  a i r f l o w .  Evaporat ion of a l l  forms o f  hydrometeors Q 
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TABLE 1 

Key t o  Figure I 

8yabol 

'IUT 

PIW 

PI" 

pIACR 

pRACI 

PlUvT 

plucw 

PUVP 

pRAcs 

pSACW 

PSACR 

psAcI 

pSAUT 

pm 
'SPI 

'SSUa 

pSML.T 

pGNm 

pGFR 

pGAcw 

pGhcR 

pGMx 

'SDW 

'GACI 

'(SUB 

Weaning 

Melting of cloud ice  t o  form cloud water, T To. 
Dsporitional growth of cloud i ce  a t  expense of cloud water. 

Homogeneous freezing of cloud Water t o  fore cloud ice. 

Accretion of ra in  by cloud ice;  producas enw o r  graupel depending on the mount 
of rain.  

Accretion of cloud i c e  by rqin; produces snow o r  graupel depending on the wunt 
of rain. 

btoconversion of cloud water t o  foxm rain. . 

Accretion of cloud water by rain. 

Evaporation of rain. 

Accretion of snow by rain; produces graupel i f  rain o r  snow exceeds threshold 
and T e To. 

Accretion of cloud water by snow; produces snow i f  T e To or  ra in if T 2 To* 
Also enhances snow melting for T 2.0. 

Accretion of ra in  by snow. For T 
threshold; i f  not, produces snow. 

To, produces graupel i f  ra in  o r  snow exceeds 
For T :To, the accreted water enhances s m  

me1 t ing . 
Accretion of cloud ice by mar. 

Autoconversion (aggregation) of cloud ice  t o  form snow. 

Bergeron pmcess (deposition and riming) - transfer of cloud water t o  form MOW. 

Transfer ra te  of cloud ice  t o  snow through growth of Barperon pmcess embryos. 

Depositional growth of snow. 

Sublimation of snow. 

Uelting of snow t o  h a  rain, T 5 To. 

Autoconversion (aggregation) of snow t o  form graupel. 

Probabilistic freezing of rain t o  form graupel. 

Accretion of cloud water by gT,iwpel. 

Accretion of cloud ice by graupel. 

Accretion of ra in  by graupel. 

Accretion of snow by graupel. 

Sublirution of graupel. 

Welting of graupel t o  form rain, T 2 To, 
be rhsd as raln.] 

(In this regime, P- is  a s 8 d  t o  

Wet growth of graupel; may involve P and PYI and must include P o r  
The amount of P-wch i s  no able t o  frreeze i s  sk$#to 

c 

* 

e 

0 

a 
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Fig.  1: Cloud phys ics processes s imu la ted  i n  t h e  model. See 
Table-1 f o r  an exp lanat ion  o f  t h e  symbols. 
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and t h e  me l t i ng  of snow and g r a u p e l / h a i l  are a l s o  simulated, 
more d e t a i l e d  d i scuss ion  o f  t h i s  model, t h e  reader i s  r e f e r r e d  
p a r t i c u l a r l y  t o  O r v i l l e  and Kopp (1977) and L i n  -- e t  a l .  (1983). 

For  a 

3.2 - The E l e c t r i c a l  _- Model 

T h i s  base has been mod i f i ed  t o  i n c l u d e  var ious processes i nvo l ved  
i n thundercloud e l e c t  r i  f i c a t i  on. These modi f i c a t i  ons i nvol  ved t h e  
coup1 i ng o f  the electro-mi c rophys i ca l  processes whi ch account f o r  t h e  
charge exchange between i n t e r a c t i n g  p a r t i c l e s  w i t h i n  t h e  c loud domain. 
The means o f  coup l i ng  t h e  e lect ro-microphys ics t o  t h e  dynamics and 
microphysics o f  t he  base model a re  based on ideas from Chiu (1978), 
Helsdon (1980), and Kue t tne r  -- e t  a l .  (1981). Each o f  t h e  f i v e  c lasses 
of  hydrometeors i s  al lowed t o  have a charye associated w i t h  it. Th is  
charge I s  then t ranspor ted  w i t h  t h e  species o f  hydronieteor accordi  ny 
t o  t h e  general equat ion 

e 

where Q represents t h e  charge d e n s i t y  (C m- j )  c a r r i e d  by t h e  hydro- 
meteor c lass ( p o s i t i v e  o r  negat ive) ,  3 i s  t h e  2D v e l o c i t y  vector ,  pa 
i s  t h e  a i r  densi ty ,  U t  i s  t h e  mass-weighted mean t e r m i n a l  f a l l  speed 
o f  t h e  hydrometeor c lass,  K,,, i s  t h e  non l i nea r  eddy c o e f f i c i e n t  and 
( 6Q/6t )  i n t e r  represents t h e  charge exchanged between classes o f  hydro- 
meteors due t o  i n t e r a c t i o n s .  The f i r s t  term on t h e  r i g h t  i s  t h e  
advect ion term, t h e  second i s  t h e  f a l l o u t  term (ze ro  f o r  c loud  water 
and cloud i c e  charge), and t h e  t h i r d  i s  t h e  eddy m ix ing  term. The 
l a s t  term i n  (1 )  w i l l  be discussed below. 

The model framework accounts f o r  t h e  presence o f  small  i ons  as 
w e l l .  The equat ion yovernlng t h e  number concen t ra t i on  o f  small  ions 
i s  

Here n1,2 i s  t h e  concen t ra t i on  o f  small  i ons  ( t h e  s u b s c r i p t  1 repre- 
s e n t i n g  p o s i t i v e  i ons  and 2 t h e  nega t i ve  i ons  p i s  t h e  small  i o n  

f i e l d  vector; G i s  t h e  i o n  generat ion r a t e  due t o  cosmic ray i o n i z a -  
t i o n  ( i o n s  m - j  sec- l ,  dependent on h e i g h t ) ;  a i s  t h e  i o n - i o n  recom- 
b i n a t i o n  c o e f f i c i e n t  (1.6 x 10-l2 m3 sec-1); Src i s  t h e  source term 
f o r  small i ons  from processes o the r  than cosmic ray i o n i z a t i o n ;  and 
Sink i s  the s ink  term f o r  small i o n s  from processes o the r  than recom- 
b i n a t i o n ,  An example of a source process f o r  small  i h s  would be t h e  
evaporat ion o f  a charged hydrometeor, w h i l e  a s ink  process would be 
Wilson capture ( I o n  attachment t o  hydrometeors). 

m o b i l i t y  (m2 V-' sec-I,  pressure dependent); i! i s  t h e  2D e l e c t r i c  

a 

4 

4 
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With t h e  var ious types of  charges accounted f o r  i n  t h e  model, a 
t o t a l  charge dens i t y  can be diagnosed a t  each g r i d  p o i n t  from 

e 

e 

* 

where p i s  t h e  t o t a l  charge densi ty  ( C  m-3) and e i s  t h e  e l e c t r o n i c  
charge (1.6 x The f i r s t  term represents  t h e  net charge due 
t o  t h e  d i f f e rence  i n  small i o n  concen t ra t i ons  and t h e  l a s t  term repre- 
sents  t h e  net charge on t h e  f i v e  c lasses o f  hydrometeors. With t h e  
n e t  charge determined, we then use Poisson's equat ion 

C). 

t o  determine t h e  s c a l a r  e l e c t r i c  p o t e n t i a l ,  + ( V o l t s ) .  I n  (4), E: i s  
t h e  e l e c t r i c a l  p e r m i t t i v i t y  of  a i r  (8.86 x 
F i n a l l y ,  t h e  2D e l e c t r i c  f i e l d  vec to r  can be determined from t h e  
p o t e n t i a l  v i a  Gauss's law 

kg-1 m-2 sec2 C2). 

+ 
E = -V$ . ( 5 )  

The l a s t  term i n  (1) represents t h e  charge exchanged between any 
two classes o f  hydrometeors dur ing an i n t e r a c t i o n  between those two 
classes. Such i n t e r a c t i o n s  may be a c c r e t i o n a l  or non-accret ional  i n  
nature.  It should be noted that ,  i n  such i n t e r a c t i o n s  as P i a c r  i n  
F ig .  1 (Table l ) ,  where cloud i c e  i s  n u c l e a t i n g  r a i n  t o  form snow, 
t h e  charge on t h e  cloud i c e  and r a i n  a re  summed and t h e  t o t a l  i s  
i n t roduced  i n t o  the  snow charge r e s u l t i n g  i n  a t h r e e  bodied t ype  o f  
t r a n s f e r .  

I n  t h e  c o l l i s i o n a l  process where a f i n i t e  separat ion p r o b a b i l i t y  
e x i s t s ,  two types o f  e l e c t r i c a l  i n t e r a c t i o n s  are poss ib le :  i n d u c t i v e  
processes, where t h e  ambient e l e c t r i c  f i e l d  s t r e n g t h  and i t s  or ien-  
t a t i o n  w i t h  respect t o  t h e  p a r t i c l e s  i n f l u e n c e  t h e  magnitude and s i g n  
o f  t h e  charge t rans fe r ;  and non- induct ive processes, where the  ambient 
f i e l d  exe r t s  no i n f l uence ,  but such f a c t o r s  as temperature, l i q u i d  
water  content,  and impact speed determine t h e  charge t r a n s f e r .  The 
model has been con f igu red  t o  a l l ow  f o r  t h e  account ing o f  both induc- 
t i  ve and non-i nduct i ve processes e i  t h e r  i ndi  v i  dual l y  o r  i n concert.  
T h i s  i s  accomplished by s t a r t i n g  w i t h  t h e  f o l l o w i n g  rep resen ta t i on  
of  t he  charge t r a n s f e r r e d  between two i n t e r a c t i n g  p a r t i c l e s ,  

e 
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where AQ i s  t he  charge t r a n s f e r r e d  due t o  any non- induct ive process, 
y1 i s  a dimensionless v a r i a b l e  which depends on t h e  r a t i o  o f  t h e  r a d i i  
o f  t h e  two i n t e r a c t i n g  p a r t i c l e s ,  ?LS i s  t h e  vec to r  along t h e  l i n e  
j o i n i n g  the centers  of t h e  two p a r t i c l e s  a t  t h e  t ime o f  impact, rs i s  
t h e  radius of  t h e  smal ler  p a r t i c l e ,  qL ( q s )  i s  t h e  charge a l ready 
e x i s t i n g  on the  l a r g e  ( sma l l )  p a r t i c l e  and A (=l-B) i s  a dimensionless 
v a r i a b l e  which depends on t h e  rad ius  r a t i o  o f  t h e  two hydrometeors. 
The f i r s t  term, then, represents t h e  non-i n d u c t i v e  charge t r a n s f e r ,  
w h i l e  the second term represents  t h e  i n d u c t i v e  t r a n s f e r .  The l a s t  two 
terms account f o r  t h e  e f f e c t  o f  charge a l ready r e s i d i n g  on t h e  hydro- 
meteors. Switches are used t o  a c t i v a t e / d e a c t i v a t e  e i t h e r  process. 

A s i n g l e  l a r g e  hydrometeor may i n t e r a c t  w i t h  many smal ler  
p a r t i c l e s  i n  a i i n l t  t ime, so we i n t e g r a t e  over the  volume swept out by 
t h e  l a rge  p a r t i c l e  

t o  ob ta in  t h e  charge acqui red per  u n i t  t ime  by t h e  l a r g e  p a r t i c l  . 
( 7 ) ,  Ef i s  t h e  c o l l i s i o n  e f f i c i e n c y  between t h e  two p a r t i c l e s ,  I$sLI 
i s  t h e  r e l a t i v e  impact speed, NS i s  t h e  number concen t ra t i on  o f  t he  
sma l le r  p a r t i c l e s ,  A q  comes from ( 6 ) ,  and S( a) i s  t h e  angl e-dependent 
separat ion p r o b a b i l i t y .  
charg ing r a t e s  f o r  t h e  l a r g e r  hydrometeor depending on which charge 
t r a n s f e r  mechanisms are a c t i v e  

I n  

The i n t e g r a t i o n  r e s u l t s  i n  t h r e e  p o s s i b l e  

&qL = c1  {c. + B q s - A i }  ' 
6 t  

-v 
where c1  = E f  lvSL lNs I I r t<S> ( r L  be lny  t h e  rad ius  o f  t he  l a r g e  par- 
4 - 4 - 1 -  --A ,C\ I r  4 - h ~  ---- . . - -k -h I l<&. . \  
L I L  I C  aiiu \J/ 1 2  LIIC iiicaii acpal at, IUII  pi  uuau I I I LY aiiu 

non-i nduct i ve, 

i n d u c t i v e ,  
+ + +  2 
!E !cos( E , V y )  rs<coscr> 

+ + +  2 
4nEY1 ]E Icos(E,VsL)rs<cosa>-AQ combi ned. 

(I 

a 

Note t h a t  i n  ( 9 )  t h e r e  are two impor tant  angles i n f l u e n c i n g  t h e  charge 
exchange: 1) the angle between t h e  e l e c t r i c  f i e l d  vector  and r e l a t i v e  
v e l o c i t y  vector  o f  t he  two p a r t i c l e s  [ C O S ( ~ , ? ~ L ) ]  and 2)  t h e  average 
c o l l i s i o n  o n t a c t  a l e  (<cosa>). F o r  a l l  p r a c t i c a l  purposes, t he  
q u a n t i t y  COS(?,%L) i s  adequately approximated by -Ez, t h e  
negat i ve o f  t he  v e r t i c a l  e l e c t  r i  c f i e l d  component. 

I 
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Since ( 8 )  i m p l i e s  t h a t  m u l t i p l e  charg ing i n t e r a c t i o n s  are p o s s i b l e  
f o r  a p r e c i p i t a t i n g  hydrometeor pe r  u n i t  t ime o f  f a l l ,  and s ince t h e  
charye on t h e  l a r g e  p a r t i c l e  appears on t h e  r ight -hand s i d e  o f  t h e  
equat ion,  i t  i s  not safe, a p r i o r i ,  t o  assume t h a t  6qL/6t i s  constant  
over  a given t ime step. TC account f o r  t h i s ,  we i n t e g r a t e  (8) over 
t h e  l eng th  of a t ime  step, A t ,  t o  o b t a i n  t h e  charge t r a n s f e r r e d  t o  t h e  
l a r g e r  p a r t i c l e  assuming t h a t  a l l  q u a n t i t i e s  on t h e  r ight -hand s ide  
a r e  constant except qL. This  ma seem l i k e  a c o n t r a d i c t i o n  a t  f i r s t  
s i n c e  both t h e  e l e c t r i c  f i e l d ,  I * I ,  and t h e  charye on t h e  small  par- 
titles, qs, appear on t h e  r ight-hand s i d e  and would seem t o  be sub jec t  
t o  t ime v a r i a t i o n  as we l l .  It i s  sa fe  t o  assume t h e  constancy o f  qs, 
s i n c e  i t  i s  h i g h l y  u n l i k e l y  tha t  any one c loud d r o p l e t  o r  i c e  c r y s t a l  
w i l l  undergo more than one non-accret ional  c o l l i s i o n  per  t ime  step. 
I n  t h e  case of t h e  e l e c t r i c  f i e l d  s t reng th ,  i t  i s  a much more macro- 
scop ic  q u a n t i t y ,  being determined by the e n t i r e  charyed volume o f  t he  
c l o u d  and not so s i g n i f i c a n t l y  by t h e  l o c a l  charge changes e x h i b i t e d  
by i n d i v i d u a l  p a r t i c l e s ,  although t h e  e f f e c t s  o f  l o c a l  volumes domi- 
nate. I n  s p i t e  of t h i s ,  we do admit t h a t  t h e  f i e l d  can change r a p i d l y  
on a l o c a l  scale, bu t  one other f a c t o r  e x i s t s  t o  he lp s u b s t a n t i a t e  our 
l o c a l l y  steady assumption. This i s  t h e  f a c t  t h a t  t h e  t ime  step i n  t h e  
model i s  dependent on t h e  e l e c t r i c  f i e l d  s t reng th  through t h e  f i e l d ’ s  
i n t e r a c t i o n  w i t h  t h e  small i o n  f l u x  term. I n  order  t o  m a i n t a i n  t h e  
s t a b i l i t y  of t h e  i o n  t ranspor t  equat ions,  t h e  t ime step must be 
reduced as the  f i e l d  s t reng th  increases. 
f i e l d  has reached s i g n i f i c a n t  l e v e l s ,  t h e  t ime step has been reduced 
t o  values of one second o r  less. 
assumption w i t h  some confidence. 

By the  t ime t h e  e l e c t r i c  

Thus, we apply the  steady f i e l d  

Car ry ing  out t h e  i n t e g r a t i o n  o f  (8)  r e s u l t s  i n  t h e  f o l l o w i n g  
express ion f o r  t h e  charge accumulated by a p r e c i p i t a t i n g  hydrometeor 
d u r i n g  a t ime step A t ,  

a 

where qLo i s  t h e  i n i t i a l  charge on 
parameters Qm and T I  are g i v e n  by 

(-AQ t Bqs)/A 
+ +  2 

%=  ( 4 ~ ~ y ~ c o s ( E , V ~ ~ ) r ~ < c o s a >  t 

+ +  2 
( 4 n & ~ l c O S ( E , V ~ ~ ) r s < c o S ~ >  - 

and I + 2 
‘1 = (EflVSL INSnrL<S>A)-l 

(10) 

t h e  l a r y e  p a r t i c l e ,  and t h e  

non-i nduct i ve, 

Bqs )/A i n d u c t i v e ,  (11) 

AQ t BqS)/A combined, 
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F i n a l l y ,  t h e  charge accumulated by one p r e c i p i t a t i n g  hydrometeor 
i s  m u l t i p l i e d  by NL, t h e  number concen t ra t i on  o f  t h e  l a r g e  p a r t i c l e s ,  
i n  order  t o  a r r i v e  a t  t h e  t o t a l  charge dens i t y  created by i n t e r a c -  
t i o n s ,  which appears as p a r t  o f  t h e  l a s t  term i n  (1) .  
components o f  t h e  l a s t  term i n  (1) i n c l u d e  t h e  a c c r e t i o n a l  terms, 
evaporat ional  processes, and i o n  attachment processes. 
t h e  fo rmu la t i on  o f  t h e  attachment and a c c r e t i o n a l  processes are 
a v a i l a b l e  i n  Chiu (1978) and Helsdon (1980). 

The o the r  

Examples of 

3.2.1 Charging processes 

A great deal of l a b o r a t o r y  and t h e o r e t i c a l  work has been, and 
cont inues t o  be done t o  i n v e s t i g a t e  p o s s i b l e  mechanisms o f  charge 
separat ion.  
1) s e l e c t i v e  i o n  capture (Wilson, 1929); 2 )  convect ive charg ing 
( Vonnegut , 1955) ; 3) i nduct i on charg i  ng i nvol  v i  ng non-accret i onal 
c o l l i s i o n s  between var ious c lasses o f  p a r t i c l e s  i n  t h e  e l e c t r i c  f i e l d  
( S a r t o r ,  1961, 1967, 1981; Mu1 1 er-Hi 1 lebrand, 1954; Pal uch and Sar to r ,  
1973); 4) e f f e c t s  o f  f r e e z i n g  p o t e n t i a l s  d u r i n g  wet growth o f  h a i l  o r  
sp lashing c o l l  i sions between graupel and ra indrops (Workman and 
Reynolds, 1948, 1950; Latham and Warwi cker ,  1980; Shewchuk and 
I r i  barne, 1971) ; 5) non-i nduc t i ve  chargi  ng d u r i n g  t h e  r im ing  o f  
graupel  (Reynolds e t  5, 1957; Buser and Aufdermaur, 1977; Takahashi, 
1978; Gaskell and n l i n g w o r t h ,  1980; Jayaratne -- e t  al. ,  1983); 
6 )  r im ing  o f  graupel f o l l owed  by s p l i n t e r i n g  (Latham and Mason, 1961; 
H a l l e t t  and Saunders, 1979); and 7) evapora t i ve  charg ing o f  i c e  
c r y s t a l s  i n  p e n e t r a t i v e  downdrafts ( T e l f o r d  and Wagner, 1979). It i s  
e n t i r e l y  poss ib le  t h a t  a l l  o f  these mechanisms ( o r  some as y e t  
undiscovered mechanism) are a c t i v e  t o  one degree or  another i n  var ious 
thunderstorm s i t u a t i o n s .  However, i n  order  t o  minimize t h e  degree o f  
complexi ty i n v o l v e d  i n  t h e  modeling work, i t  was necessary t o  l i m i t  
t h e  mechanisms inc luded i n  the  model t o  a workable set .  

A non-exhaustive l i s t  o f  p o s s i b l e  mechanisms inc ludes:  

The basic charge separat ion mechanisms inc luded w i t h i n  t h e  model 
can be broken down i n t o  f o u r  bas i c  categor ies:  

1) Graupel i n t e r a c t i n g  w i t h  p a r t i c l e s  i n  a dry growth mode. 

2) Graupel i n t e r a c t i n g  w i t h  p a r t i c l e s  i n  a wet growth mode. 

3 )  Rain i n t e r a c t i n g  w i t h  c loud droplets .  

4 )  Small i ons  i n t e r a c t i n g  w i t h  a l l  c lasses o f  hydrometeors. 

W i t h i n  these var ious categor ies,  t h e  two types o f  e l e c t r i c a l  i n t e r -  
a c t i o n s  discussed above may be poss ib le ,  i.e., i n d u c t i v e  and/or 
non- induct ive t r a n s f e r s .  

The i n d u c t i v e  water-water charge t r a n s f e r  i n t e r a c t i o n  i s  genera l l y  
b e l i e v e d  t o  be i n e f f e c t i v e  i n  producing e l e c t r i f i c a  i o n  t y p i c a l  of 
thunderstorm c o n d i t i o n s  on i t s  own. Jennings (1975 has shown t h a t  
such a process i s  capable o f  producing e a r l y  e l e c t r  f i c a t i o n  i n  clouds 
w i t h  f i e l d s  up t o  30 kV/m being poss ib le .  A f t e r  t h  s t h r e s h o l d  i s  

a 

0 

a 

0 

a 

a 

4 

c 

12 



0 

c 

m 

a 

0 

reached, t h e  mechanism ext inguishes i t s e l f  due t o  t h e  presence o f  such 
a f i e l d  causing a l l  c o l l i s i o n s  t o  r e s u l t  i n  permanent coalescence. 
Th is  a b i l i t y  t o  generate e a r l y  e l e c t r i f i c a t i o n  w e l l  below thunderstorm 
values, bu t  s i g n i f i c a n t l y  above t h e  background f a i r  weather f i e l d ,  may 
a f f e c t  t h e  nature o f  o the r  e l e c t r i f i c a t i o n  mechanisms which must await  
t h e  format ion o f  i c e  p a r t i c l e s  f o r  t h e i r  i n i t i a t i o n .  

The charge separat ion r e s u l t i n g  from t h e  i n t e r a c t i o n  o f  l i q u i d  
drops and i c e  p a r t i c l e s  may be o f  a non- induct ive o r  i n d u c t i v e  nature. 
Kuet tner  L- e t  a l .  (1981) have summarized t h e  controversy regard ing t h e  
a c t i o n  o f  a non- induct ive,  ice-water charg ing mechanism. They chose 
t o  i n c l u d e  such a process i n  t h e i r  model (us ing  conservat ive values 
f o r  t he  charge t r a n s f e r r e d  per c o l l i s i o n )  based on t h e  l ack  o f  conclu- 
s i v e  evidence f o r  e l i m i n a t i n g  the  mechanism and t h e  f a c t  t h a t  t h e  
r i m i n g  process i s  a w e l l  estab l ished microphys ica l  phenomenon i n  
thunderclouds . 

The non- induct ive,  i ce - i ce  process i s  t he  sub jec t  o f  as much 
controversy as t h e  water- i  ce mechani sm; however, t h e  controversy does 
n o t  cen te r  around whether t h e  process i s  e f f e c t i v e ,  but  r a t h e r  e x a c t l y  
what phys i ca l  mechanism i s  responsible f o r  t h e  charge exchange and, t o  
a l e s s e r  degree, t h e  magnitude o f  t h e  charge t r a n s f e r r e d .  Resul ts  
have been summarized and assessed by Gross (1982). 

The i n d u c t i v e  mechanisms i n v o l v i n g  water- ice and i c e - i c e  
i n t e r a c t i o n s  have been argued as being i n e f f e c t i v e  i n  nature because 
o n l y  g raz i  ng c o l  1 i s i  ons near the e l e c t  r i  c a l  equator r e s u l t  i n  separa- 
t i o n  o f  p a r t i c l e s  and charge i n  t h e  ice-water case, and because o f  a 
r e l a x a t i o n  t ime  l i m i t a t i o n  on charye m i g r a t i o n  i n  t h e  i c e - i c e  case. 
I n  t h e  ice-water case, it i s  t r u e  t h a t  graz ing c o l l i s i o n s  w i l l  r e s u l t  
i n  minimal charye separat ion;  however, Sa r to r  (1981) has shown t h a t ,  
due t o  t h e  sur face roughness o f  graupel p a r t i c l e s ,  c loud d r o p l e t s  can 
bounce o f f  o f  such rough p a r t i c l e s  from almost any impact angle 
negat ing t h e  above r e s t r i c t i o n .  I n  t h e  i c e - i c e  case, t h e  r e l a x a t i o n  
f a c t o r  may be i nc luded  i n  the  fo rmu la t i on ,  and t h e  mechanism's impor- 
tance may be t e s t e d  w i thou t  great d i f f i c u l t y .  I n  add i t i on ,  t h e  
r e s u l t s  o f  Tzur and L e v i n  (1981) and Kuet tner  -- e t  a l .  (1981) have 
i n d i c a t e d  t h a t  t h e  combination o f  i n d u c t i v e  and non- induct ive 
mechanisms i n v o l v i n g  t h e  i c e  phase y i e l d  t h e  most r e a l i s t i c  r e s u l t s .  

With t h i s  d i scuss ion  i n  mind and r e f e r r i n g  t o  Fig.  1 and Table 1 
f o r  t h e  i n t e r a c t i o n s  l i s t e d  below, t h e  model i n  i t s  present con- 
f i g u r a t i o n  can account f o r  both i n d u c t i  ve and non-i n d u c t i  ve charge 
t r a n s f e r s  when r a i n  (Pgacr), c loud i c e  (Pyaci ) ,  and snow (Pyacs) 
i n t e r a c t  w i t h  graupel i n  category (1). I n  category ( 2 ) .  graupel can 
i n t e r a c t  w i t h  r a i n  and c loud water (Pgacr and Pyacw through Pywet)  
w i t h  the  r e s u l t  t h a t  excess water i s  shed as r a i n  ( t h e  wet growth 
process).  I n  t h i s  category, only i n d u c t i v e  charye t r a n s f e r s  are 
accounted f o r  due t o  unce r ta in t y  about t h e  ac tua l  microphys ica l  
i n t e r a c t i o n s  t a k i n g  place. This category i s  under f u r t h e r  develop- 
ment a t  t h i s  t ime w i t h  a formulat ion f o r  a non- induct ive t r a n s f e r  
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b e i n g  devised. 
al lowed. 
f e r s  are al lowed when c loud i c e  i n t e r a c t s  w i t h  snow. The category ( 4 )  
i n t e r a c t i o n s  i n v o l v i n g  small  i ons  have been descr ibed above. 

I n  category ( 3 ) ,  a l i m i t e d  i n d u c t i v e  mode t r a n s f e r  i s  
I n  a d d i t i o n ,  both i n d u c t i v e  and non- induct ive charge t rans -  

3.3 I n i t i a l i z a t i o n  

3.3.1 Envi ronmental i n i  t i a1 i zat  i on 

The base s t a t e  o f  t he  atmosphere f o r  t h i s  model i s  taken from a 
rawinsonde sounding t y p i c a l  o f  t h e  type o f  day being studied. Th is  
sounding o f  temperature and mois ture i s ,  hope fu l l y ,  rep resen ta t i ve  o f  
t h e  atmosphere near t h e  t ime  o f  t h e  format ion o f  an observed c loud 
which may be compared w i t h  t h e  model s imu la t i on ,  i f  such observat ions 
a r e  avai lab le.  The on ly  m o d i f i c a t i o n  made t o  t h e  o r i g i n a l  sounding 
i s t o  make t h e  lowest l a y e r  a d i a b a t i c  (i f it i s  not  a1 ready i n  such a 
s t a t e ) .  The atmospheric winds are determined by p r o j e c t i n g  t h e  winds 
f rom the  sounding i n  t h e  d i r e c t i o n  o f  t h e  storm motion, s ince t h e  model 
i s  two-dimensional. I n  a d d i t i o n ,  t he  winds determined by t h i s  pro- 
cedure are f r e q u e n t l y  reduced t o  some percentage o f  t h e i r  o r i g i n a l  
va lue  because t h e  use o f  f u l l  winds has a tendency t o  propagate t h e  
s imulated c loud  o f f  t h e  g r i d  t o o  r a p i d l y .  Dynamical ly, t h i s  approach 
i s  no t  on firm ground, and it would be b e t t e r  t o  s u b t r a c t  a mean wind 
f rom the actual  winds and thus a l l o w  t h e  model domain t o  t r a n s l a t e .  
T h i s  approach w i l l  be i nco rpo ra ted  i n  f u t u r e  work. 

I n  order t o  i n i t i a t e  convection, we use a combination o f  random 
p e r t u r b a t i o n s  i n  temperature and water vapor i n  t h e  lower 3 km o f  t h e  
g r i d  (w i th  maximum ampl i tude +0.5"C and +7%) and a warm bubble i n  t h e  

The bubble has a maximum d e v i a t i o n  of 
present between 400 m and 2 km height .  

i i c i n i t y  o f  t he  domain center  
lr5"C, i s  4.8 km wide, and i s  

3.3.2 E l e c t r i c a l  i n i t i a l  

We assume t h a t  an i n i t i a l  
due t o  cosmic ray generation, 

za t  i on 

steady s t a t e  e x i s t s  w i t h  i o n  product ion 
i o n  l oss  due t o  recombination, and i o n  

t r a n s p o r t  due to -  conauct i  on i n t n e  ambi en t  e i  e c t r i  c t 1 e i  d a i  i 
balancing. We igno re  i o n i c  d i f f u s i o n  and invoke h o r i z o n t a l  homo- 
g e n e i t y  so t h a t  t h e  i n i t i a l  values o f  t h e  v a r i a b l e s  are func t i ons  o f  
h e i g h t  only. Then t h e  aforementioned steady s t a t e  balance can be 
descr ibed by 

a 

a 

a 

0 

and 
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e 
The terms i n  these equations have been p r e v i o u s l y  def ined. E, i s  

t h e  assumed f a i r  weather e l e c t r i c  f i e l d  p r o f i l e  pa t te rned  a f t e r  Gish 
(1944) which e x h i b i t s  an exponent ia l  decrease w i t h  h e i g h t  such t h a t  

E, = Eo[b lexp(-a lz)  + b2exp(-a2z) + b3exp(-a3z) ]  . (14) 

a 
I n  (14), t he  parameters Eo, bi ,  and a i  are v a r i e d  t o  a d j u s t  t he  v e r -  
t i c a l  p r o f i l e .  
t h e  small  i o n  d e n s i t i e s  by 

Th is  v e r t i c a l  e l e c t r i c  f i e l d  p r o f i l e  can be r e l a t e d  t o  

We sub t rac t  Eq. (13b) from (13a) and i n t e g r a t e  i n  t h e  v e r t i c a l  t o  
o b t a i n  

* 
where AT i s  t h e  t o t a l  c o n d u c t i v i t y  o f  t h e  a i r  and Jc ( A  m-2) i s  t he  
f a i r  weather a i  r - e a r t h  conduction cu r ren t ,  which i s  assumed constant 
w i th  height.  Equat ions (15) and (16) can be solved simultaneously f o r  
n l  and ne y i e l d i n g  

0 
a nd 

EEZ 
n2 = n l  -e 

I f  we assume, f o l l o w i n g  Shreve (1970), t h a t  t h e  p o l a r  i o n i c  m o b i l i t i e s  
vary exponen t ia l l y  w i th  height such t h a t  
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a 
where c1 = 1.4 x l o m 4  and c 2  = 1.9 x 
$ = 1.4 x l o o 4  m - l ,  then (17a) and (17b) d e f i n e  t h e  i n i t i a l  p r o f i l e s  
f o r  p o s i t i v e  and negat ive  small  ions.  
may be solved f o r  t h e  g a l a c t i c  cosmic ray  generat ion f u n c t i o n  G(z) 
whi ch, a f t e r  some a1 gebra i  c mani p u l  a t  i on, y i  e l  ds 

m2 V'' sec-', and 

F i n a l l y ,  e i t h e r  (13a) o r  (13b) 

The i n i t i a l  f a i r  weather e l e c t r i c a l  s t a t e  o f  t h e  atmosphere i s  
determined from Eqs. (14)  and (17) - (19)  by choosing approp r ia te  
va lues of Eo, a i ,  b i  , and J,. 

3.4 Boundary Cond i t ions  

constant.  The v o r t i c i t y ,  v e r t i c a l  v e l o c i t y ,  ra in ,  snow, graupel ,  c loud 
water, and c loud i c e  as w e l l  as t h e i r  assoc iated charges are a l l  set  t o  
zero. The stream func t ion ,  entropy, water vapor m ix ing  r a t i o ,  small  
i o n  concentrat ion,  and e l e c t r i c  p o t e n t i a l  are mainta ined undis turbed 
a t  t h e i r  i n i t i a l  values. The p o t e n t i a l  a t  t h e  t o p  o f  t h e  model i s  
ob ta ined by i n t e g r a t i n g  ( 5 )  over t h e  depth o f  t h e  domain and employing 
(14)  f o r  t h e  e l e c t r i c  f i e l d  p r o f i l e .  Th i s  c o n s t r a i n t  on t h e  e l e c t r i c  
p o t e n t i a l  i s  somewhat u n r e a l i s t i c  and a boundary c o n d i t i o n  i n v o l v i n g  
t h e  d e r i v a t i v e  o f  t h e  p o t e n t i a l  a t  t h e  t o p  i s  be ing devised. 

The top boundary i s  assumed t o  be r i g i d  w i t h  a l l  va r iab les  he ld  

A t  the lower boundary, t h e  v e r t i c a l  v e l o c i t y ,  v o r t i c i t y ,  and 
stream func t i on  are  s e t  t o  zero. The e l e c t r i c  p o t e n t i a l  i s  a l so  se t  
t o  zero, cons i s ten t  w i t h  t h e  assumption t h a t  t h e  e a r t h ' s  sur face  i s  a 
conduct ing plane. Evaporat ion and hea t ing  r a t e s  a t  t h e  sur face  a re  

d i f f u s e  i n t o  t h e  lower boundary. Clouds are no t  pe rm i t ted  t o  form a t  
t h e  surface, b u t  p r e c i p i t a t i o n  i s  a l lowed t o  f a l l  through t h e  sur face  
l e v e l .  Cloud shadow e f f e c t s  (on hea t ing )  are a l so  s imulated a t  t h e  
1 ower boundary. 

ylr;Jrl I"=" C . . n r t i * , c  -6 . imr  u..-.+ ...A ...- 4.A.. ....-,.- -..- - 1 1  .... ^ A  c.. i u i i r ~ i w ~ ~ a  v i  ~ i i i i c .  ricar. aiiu w a L c i  vayui a i c  a i  iuwru LU 
n r r; h \ n A  

A t  the l a t e r a l  boundaries, t h e  h o r i z o n t a l  g rad ien ts  o f  t h e  stream 
f u n c t i o n  and t h e  p o t e n t i a l  a re  assumed t o  be zero. D i f f u s i o n a l  
t r a n s p o r t  a l so  assumes h o r i z o n t a l  g rad ien ts  of zero f o r  a1 1 va r iab les  
a t  t h e  l a t e r a l  boundaries. Both i n f l o w  and ou t f low from t h e  domain are 
al lowed. The c o n s t r a i n t s  on t h e  p o t e n t i a l  a t  t h e  var ious  boundaries 
r e s u l t  i n  t h e  e l e c t r i c  f i e l d  components Ex = 0 a t  a l l  boundar ies and 
EZ being c a l c u l a t e d  a t  a l l  boundaries. 

a 

a 

0 

a 
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3.5 Numerical Techniques 

The equat ions are solved over a 19.2 km x 19.2 km domain w i t h  a 
200 m g r i d  i n t e r v a l  i n  both the X and Z d i r e c t i o n s .  The advect ion 
techn ique  used i s  t h a t  of Crowley (1968), which i s  f i r s t - o r d e r  accurate 
i n  t ime  and second-order i n  space. A two-step advect ion scheme i s  used 
( L e i t h ,  1965) w i t h  v e r t i c a l  advect ion c a l c u l a t e d  f i r s t ,  f o l l owed  by 
h o r i z o n t a l  advection. Model va r iab les  are he ld  constant a t  l a t e r a l  
i n f l o w  boundaries, whereas e x t r a p o l a t i o n  v i a  upstream d i f f e r e n c i n g  i s  
employed a t  out f low boundaries. The general purpose Helmholtz s o l v e r  
i n  Car tes ian coord inates ( f rom t h e  NCAR program l i b r a r y )  i s  used t o  
s o l v e  t h e  Poisson-type equations f o r  stream f u n c t i o n  and e l e c t r i c a l  
p o t e n t i a l  . Centered d i f ferences are used throughout except a t  t h e  
upper and lower boundaries where second order,  one-sided d i f f e r e n c e s  
a r e  used. 

a 
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4.1 Wallops I s l a n d  S imu la t i on  

p r o j e c t  was t o  s imulate t h e  12 September 1983 o p e r a t i o n a l  f l i g h t  o f  t h e  
F106 ( f l i g h t  83-053) which experienced two l i g h t n i n g  events near 28 k f t  
d u r i n g  separate c loud penetrat ions.  
case because t h e r e  were no s p e c i f i c  observat ions w i t h  which t h e  model 
r e s u l t s  could be compared f o r  v e r i f i c a t i o n .  

The f i r s t  use of t h e  SEM i n  connect ion w i t h  t h e  Storm Hazards 

This  s i m u l a t i o n  i s  termed a b l i n d  

a 

4. RESEARCH RESULTS 

a 

The SEM was i n i t i a t e d  us ing  t h e  Wallops Is land,  V i r g i n i a ,  OOZ 
sounding from 13 September 1983, shown i n  Fig. 2, which was near t h e  
t i m e  o f  the f l i g h t  operat ions (2215-2258 GMT) and was considered 
c h a r a c t e r i s t i c  o f  t h e  atmospheric s t a t e  i n  which t h e  storms were 
developing. The temperature has been mod i f i ed  i n  t h e  lowest hundred 
m i l l i b a r s  t o  make t h e  p r o f i l e  ad iaba t i c ,  as descr ibed i n  Sec t i on  3.3.1. 
Examination o f  t h e  sounding shows t h a t  t h e  L i f t e d  Index i s  -6.7 and 
t h e  K Index i s  42.1, i n d i c a t i n g  a very h igh p o t e n t i a l  f o r  s t rong  
thunderstorms on t h a t  day. I n  f a c t ,  severe thunderstorms might have 
been expected except f o r  t h e  f a c t  t h a t  t he  upper l e v e l  winds were 
q u i t e  l i g h t  and e x h i b i t e d  l i t t l e  shear. 
a c t u a l l y  observed on t h a t  day. 
model, we expected s t rong  convect ion t o  develop. 

F igu re  3 shows t h e  c h a r a c t e r i s t i c s  o f  t h e  modeled storm r e s u l t i n g  
f rom t h e  s i m u l a t i o n  a t  two d i f f e r e n t  s i m u l a t i o n  t imes: 15 and 22.5 min. 
The l e f t  column conta ins p l o t s  a t  15 min, w h i l e  t h e  r i g h t  column shows 
t h e  same p l o t s  a t  22.5 min. The p l o t s  from top t o  bottom represent the  
dynamical and microphys ica l  cha rac te r  o f  t h e  c loud (see p l o t  cap t i on  
f o r  d e t a i l s ) ,  radar r e f l e c t i v i t y ,  v e r t i c a l  v e l o c i t y ,  t o t a l  charge 
d e n s i t y  , v e r t i c a l  e l e c t  r i  c f i e l d  component, and t h e  h o r i  zon ta l  e l  e c t  r i  c 
f i e l d  component. As i s  ev ident  from Fig.  3, t h e  model s i m u l a t i o n  o f  
t h i s  warm based (-16OC), mari t ime t ype  storm showed a very r a p i d  
development w i t h  r a i n  fo rma t i  on proceedi  ng v i  a t h e  s t o c h a s t i  c coal es- 
cence process w e i i  before t h e  i c e  phase became s i y n i  i i i d r i t .  i i u te  t h e  
n e a r l y  v e r t i c a l  development o f  t h e  storm due t o  t h e  l ack  o f  wind 
shear. 

Much convect ive a c t i v i t y  was 
With t h i s  sounding as i n p u t  f o r  t h e  

The e a r l y  charge d i s t r i b u t i o n  and r e s u l t i n g  weak e l e c t r i c  f i e l d s  

Once the  i c e  phase appeared, t h e  charge separa- 
were a r e s u l t  o f  t h e  l i m i t e d  i n d u c t i v e  i n t e r a c t i o n s  between ra indrops 
and cloud d rop le ts .  
t i o n  processes became more vigorous and, i n  t h e  course o f  a few 
minutes, charge d e n s i t i e s  reached t h e  order  o f  10 ' s  o f  nanocoulombs 
pe r  cubic meter, accompanied by e l e c t r i c  f i e l d  s t reng ths  i n  excess of 
400 kV/m, a value near t h a t  necessary t o  produce l i g h t n i n g  breakdown. 
The llclassicl ' thunderstorm d i p o l e  s t r u c t u r e  ( p o s i t i v e  charge above 
negat ive)  was produced i n  t h e  s i m u l a t i o n  w i t h  a lower p o s i t i v e  charge 
r e g i o n  also i n  evidence, al though t h e r e  were no observat ions upon 
which t o  judge t h e  correctness o f  t h e  model r e s u l t s .  

a 

0 

a 

a 

a 

0 
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F i g ,  2: Wal lops  I s l a n d ,  V A  (WAL) s o u n d i n g  for OOZ, 13 September  1983. - 
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Fig.  3: 
t i m e s 7  l e f t  column, 15 min; and r i g h t  column, 22.5 min. Reading from top  
t o  bottom, t h e  p l o t s  represent:  1 )  storm dynamical and microphys ica l  
character  i n c l u d i n g  a i r f l o w  st reaml ines (dashed l i n e s ) ,  c loud  boundary 
( s o l i d  l i n e ) ,  and presence o f  snow ( S ) ,  graupel (*), r a i n  (e), and c loud 
i c e  ( - )  i n  amounts g rea te r  than a t h r e s h o l d  value; 2) radar  r e f l e c t i v i t y  
i n  dBz (absolute values s y s t e m a t i c a l l y  t o o  high, b u t  s t r u c t u r e  i s  
representat ive,  contour i n t e r v a l  4 dB a t  15 min, 5 dB a t  22.5 min; 

C h a r a c t e r i s t i c s  o f  t h e  Wallops case f o r  two d i f f e r e n t  s imu la t i on  
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F l y .  - 3 (cont lnued) :  
3 )  v e r t i c a l  v e l o c i t y  i n  m sec'l ( upd ra f t - so l  i d ,  downdraft-dashed, contour  
i n t e r v a l  3 m set''); 4 )  t o t a l  charge dens i t y  i n  C i r 3  ( p o s i t i v e - s o l i d ,  
negative-dashed, contour  i n t e r v a l s  0.9 pC.~n-~ a t  15 min, 1 nC m-3 a t  
22.5 min); 5) v e r t i c a l  e l e c t r i c  f i e l d  i n  V m - l  a t  15 min, 60 kV m - 1  a t  
22.5 min);  6)  h o r i z o n t a l  e l e c t r i c  f i e l d  (as per  t h e  v e r t i c a l  f i e l d ,  
con tour  i n t e r v a l s  20 V m - 1  a t  15 min; 30 kV m-1 a t  22.5 min). 
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The model run f o r  t h i s  Wallops I s l a n d  case had t o  be terminated 
a f t e r  22.5 minutes o f  s imulated r e a l  t ime due t o  t h e  cont inued b u i l d u p  
o f  t h e  e l e c t r i c  f i e l d s  and t h e  r e s u l t i n g  p r o h i b i t i v e l y  small t ime  steps 
necessary t o  ma in ta in  computational s t a b i l i t y  o f  t h e  i o n  t r a n s p o r t  
equations. A s i m u l a t i o n  w i thou t  e l e c t r i c a l  processes a c t i v e  was run 
much longer i n  t ime. 
model i s  necessary t o  overcome t h i s  e a r l y  t e r m i n a t i o n  problem. 

The i n c l u s i o n  o f  t he  l i g h t n i n g  discharge i n  t h e  

Although t h e  e l e c t r i c a l  s i m u l a t i o n  had t o  be terminated 
prematurely, t h e  outputs  prov ided i n f o r m a t i o n  on t h e  e l e c t r i c a l  
environment which might be expected d u r i n g  t h e  e a r l y  stages o f  
thunderstorm development. 
and 4,  i n c l u d i n g  e l e c t r i c  f i e l d s ,  p a r t i c l e  d e n s i t i e s  and charges, and 
i o n  d e n s i t i e s  a t  va r ious  a l t i t u d e s  and t imes w i t h i n  t h e  s imulated 
thunderstorm, were sent t o  EMA f o r  use i n  con junc t i on  w i t h  t h e i r  3D 
i n t e r a c t i o n  model (Rudolph - e t  A’ a1 1984). The p l o t s  i n  Fig. 4 repre- 
sent  measurements which an instrumented a i r c r a f t  would record i f  it 
made a l e v e l  pass through the  model storm a t  a given a l t i t u d e .  From 
these p lo t s ,  EMA s c i e n t i s t s  were able t o  e x t r a c t  i n f o r m a t i o n  con- 
s ide red  rep resen ta t i ve  of t he  environment i n  which the  F106 might  
have operated. 

These data i n  a f o r m  s i m i l a r  t o  Figs.  3 

Pa r t  o f  t h e i r  work i nvo l ved  a de te rm ina t ion  o f  t he  shape f a c t o r s  
due t o  the a i r c r a f t  necessary t o  i n t e r p r e t  t h e  e l e c t r i c  f i e l d  m i l l  data 
which i s  recorded d u r i n g  each F106 f l i g h t .  Another aspect o f  t h e i r  
research was t o  do a parameter study o f  the a i r c r a f t  under va r ious  
e l e c t r i c a l  i n i t i a l  cond i t i ons  us ing data from the  SEM s imu la t i on ,  where 
appropr iate.  T h e i r  r e s u l t s  (Rudolph and Perala,  1%5), ana lyz ing  t h e  
da ta  f rom t h e  e l e c t r i c  f i e l d  m i l l s  a t  t h e  t ime  o f  a l i g h t n i n g  s t r i k e  t o  
t h e  a i r c r a f t  d u r i n g  f l i g h t  83-053, showed t h a t  t he  f i e l d  was predomi- 
n a n t l y  v e r t i c a l  and negat ive i n  value. From examinat ion o f  Fig. 4 a t  
22.5 min, t h e  model p r e d i c t s  an environment i n  t h e  neighborhood o f  
28,000 f t  which i s  approaching c o n d i t i o n s  s u i t a b l e  f o r  l i g h t n i n g  
a c t i v i t y  ( p a r t i c l e  charges i n  excess o f  5 nC/md and e l e c t r i c  f i e l d s  
approaching 300 kV/m) , i n d i c a t i n g  t h a t  t h e  model i s  capable o f  
generat ing an environment which i s  s i m i l a r  t o  t h a t  which was observed. 

The i n v e s t i g a t i o n  o f  t h e  l o w  a l t i t u d e  s t r i k e  problem i s  aided by 
l o o k i n g  a t  some o f  t he  model r e s u l t s .  F igu re  5 shows contour p l o t s  o f  
t h e  v e r t i c a l  e l e c t r i c  f i e l d  component ( l e f t  panel)  w i t h  s o l i d  contours 
i n d i c a t i n g  an upwardly d i r e c t e d  ( p o s i t i v e )  f i e l d  and do t ted  contours 
represent ing downwardly d i r e c t e d  (nega t i ve )  f i e l d s .  The i n t e r v a l  o f  
each contour i s  60 kV/m w i t h  the  zero l i n e  i nd i ca ted .  The r i g h t  panel 
represents t h e  m ix ing  r a t i o  o f  graupel i n  t h e  c loud  i n  grams o f  graupel 
p e r  k i logram o f  d ry  a i r .  The contour i n t e r v a l  i n  t h i s  panel i s  1 g/kg. 
These p l o t s  represent t h e  s t a t e  o f  these two model va r iab les  f o r  t h e  
Wallops I s l a n d  s i m u l a t i o n  a t  22.5 minutes a f t e r  t h e  i n i t i a t i o n  o f  t h e  
run. 

The three h o r i z o n t a l  l i n e s  drawn through t h e  contour  p l o t s  
represent t h r e e  p o s s i b l e  f l i g h t  a l t i t u d e s  f o r  t h e  F106. The dashed 
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F i g .  4: Examples o f  measurements which would be recorded by an 
inst rumented a i  r c r a f t  f l y 1  ny a h o r i z o n t a l  path through t h e  modeled 
storm a t  8.4 km AGL and 28.5 min s i m u l a t i o n  tlme. Top p l o t :  h a i l  
( g raupe l )  content i n  g m - j ,  number o f  graupel p a r t i c l e s  a,-i w i t h  
diameters > 600 vm, and charge on the graupel p a r t i c l e s  i n  nC m-3 
( p o s i t i v e  charge-so l id  l i n e ,  negat ive charge-dashed l i n e ) .  
p l o t :  p o t e n t i a l  above ground i n  kV, v e r t i c a l  e l e c t r i c  f i e l d  com- 
ponent ( EZ) i n  dV m - I  (pos i  ti ve-sol i d ,  negat i ve-dashed) , and 
h o r i z o n t a l  f i e l d  component ( E x )  i n  kV m - l .  
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l i n e  a t  8.4 km represents the  a l t i t u d e  a t  which t h e  a i r c r a f t  was 
o p e r a t i n g  a t  t he  t ime o f  t h e  l i g h t n i n g  s t r i k e s .  
represents  a f l i g h t  l e v e l  o f  approximately 10 k f t ,  and t h e  s o l i d  l i n e ,  
a l e v e l  o f  around 19 k f t .  (The major t i c k  marks on the  h o r i z o n t a l  and 
v e r t i c a l  axes represent distance i n  k i l omete rs ) .  These two lower 
a l t i t u d e s  are i n  t h e  reg ion considered by program personnel t o  
c o n s t i t u t e  t h e  low a l t i t u d e  l i g h t n i n g  environment ( ~ 2 0  k f t ) .  

The dash-dot l i n e  

Examination o f  t he  f i g u r e  reveals  t h a t ,  a t  t h e  a l t i t u d e  a t  which 
t h e  a i r c r a f t  was opera t i ng  on t h a t  day, a h igh  e l e c t r i c  f i e l d  
environment would have been encountered ( i f  the model i s  adequately 
s i m u l a t i n g  t h e  c loud which was penetrated).  The model r e s u l t s  f u r t h e r  
i n d i c a t e  t h a t  had t h e  F106 been opera t i ng  i n  the  v i c i n i t y  o f  10 k f t ,  it 
would have encountered r e l a t i v e l y  low f i e l d  s t reng ths  and probably not 
have been able t o  t r i g g e r  a discharge ( t h e  t r i g g e r i n g  process seems t o  
predominate a t  h igh  a l t i t u d e s ) .  On t h e  o the r  hand, t h e  f l i g h t  l e v e l  
around 19 k f t  shows t h a t  a very concentrated and in tense  reg ion o f  
e l e c t r i c  f i e l d  i n  excess o f  400 kV/m might have been encountered by the  
F106 had i t  been f l y i n g  a t  that  a l t i t u d e .  This  r e s u l t  seems t o  i n d i -  
c a t e  t h a t  lower l e v e l ,  h igh  f i e l d  regions could e x i s t  i n  t h e  types o f  
c louds penetrated du r ing  the p r o j e c t ;  however, examination o f  t h e  
r i g h t  panel i n  t h e  f i g u r e  shows t h a t  t h i s  h iqh  f i e l d  re i i ion i s  coin- 
c i d e n t . w i t h  t h e  maximum h a i l  content o f  t he  storm (m ix i6y  r a t i o  i n  
excess of 14 y / k m  a d d i t m a m i  n a t i o n  o f  F ig .  3 shows t h a t  
t h i s  h igh  f i e l d  reg ion a l s o  corresponds t o  a rey ion o f  s t rong  u p d r a f t  
and a sharp updraf t /downdraf t  boundary, i n d i c a t i n y  t h e  p o s s i b i l i t y  o f  
s t r o n g  turbulence. Therefore, w h i l e  a volume favo rab le  t o  t h e  i n i -  
t i a t i o n  o f  l i g h t n i n g  by t h e  F106 i n  t h e  low a l t i t u d e  reg ion  may be 
present ,  t h e  s i m u l a t i o n  o f  t h i s  one case i n d i c a t e s  t h a t  t h e  a i r c r a f t  
would have t o  purposely avoid such a reg ion f o r  s a f e t y  considerat ions.  
It i s  a l s o  i n t e r e s t i n g  t o  note t h a t  t h e  m a j o r i t y  o f  t h e  low a l t i t u d e  
s t r i k e s  t h a t  have occurred dur ing t h e  1985 f i e l d  season have been i n  
the  15-20 k f t  region. T h i s  leads one t o  speculate t h a t  t h e  low a l t i -  
tude,  h igh  f i e l d  rey ion  may be a reasonably f requent f e a t u r e  o f  t he  
storms encountered by t h e  F106 and i s  not always associated w i t h  
adverse f l y i n g  cond i t i ons .  More s imu la t i ons  o f  the e l e c t r i c a l  evolu- 
t i o n  o f  such clouds du r ing  t h e i r  mature and d i s s i p a t i n g  stages w i l l  
h e l p  t o  c l a r i f y  t h i s  question. 

These r e s u l t s  brought t o  l i g h t  several  quest ions and l i m i t a t i o n s  
which r e s u l t e d  i n  a d d i t i o n a l  research. F i r s t  o f  a l l ,  w h i l e  t h e  model 
seemed t o  be producing r e a l  i s t i  c simul a t  i ons o f  t he  storm c o n d i t i o n s  
w i t h i n  which t h e  F106 was operat ing and the  data prov ided t o  EMA was 
u s e f u l  i n  t h e i r  analyses, we had no way o f  knowing whether o r  not  t h e  
s imu la t i ons  were a c t u a l l y  correct .  
o f  a model t o  s imulate nature i s  t o  have ac tua l  observat ions against  
which t o  compare the  model resul ts .  The comparison between t h e  F106 
f i e l d  m i l l  data and t h e  model output  done by EMA s c i e n t i s t s  was 
encouraging, bu t  was not a s u f f i c i e n t  t e s t .  Such a t e s t  has been done 
on t h e  model f o r  a cold-based c o n t i n e n t a l  type storm (Helsdon - e t  .’ a1 
1984) g i v i n g  us confidence tha t  t h e  model can c o r r e c t l y  s imulate c loud 

The only  way t o  v e r i f y  t he  a b i l i t y  
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development and i t s  a t tendant  e l e c t r i f i c a t i o n .  
s i  gn i  f i cant d i  f f erences between c o l  d-based , cont i nent a1 c l  ouds and t h e  
warm based, mar i t ime type clouds found along t h e  east coast. These 
d i f f e r e n c e s  are such t h a t  we do not f e e l  i t  i s  safe t o  assume t h a t ,  
because one t y p e  of c loud i s  w e l l  modeled, a d i f f e r e n t  type o f  c loud 
w i  11 be equal ly  we1 1 modeled. 

However, t h e r e  are 

Another, and even more impor tant  cons iderat ion,  i nvo l ves  t h e  
i n a b i l i t y  of t h e  model t o  s imu la te  t h e  e l e c t r i c a l  development o f  a 
c l o u d  beyond i t s  e a r l y  stages. As noted above, t h e  Wallops I s l a n d  
s i m u l a t i o n  had t o  be terminated a f t e r  22.5 minutes s i m u l a t i o n  t ime  
because o f  t h e  constant b u i l d u p  o f  t h e  e l e c t r i c  f i e l d  s t rength.  
i s  no mechanism w i t h i n  t h e  model t o  r e l a x  t h e  ever i n c r e a s i n g  e lec-  
t r i c a l  stresses. Nature takes care o f  t h e  problem by i n i t i a t i n g  a 
l i g h t n i n g  discharge. 
was necessary f o r  t h e  model t o  be able t o  s imu la te  a l i g h t n i n g  d i s -  
charge and i t s  e f f e c t s  on t h e  l o c a l  charges and f i e l d s .  Only when 
t h i s  c a p a b i l i t y  was i n  p lace would t h e  model be able t o  p rov ide  simu- 
l a t i o n s  of t h e  mature and d i s s i p a t i n g  stages o f  a s torm's  e l e c t r i c a l  
l i f e .  Since i t  i s  probably r a r e  f o r  t h e  F106 t o  encounter a storm i n  
i t s  youngest stage, t h e  a b i l i t y  t o  s imu la te  t h e  l a t t e r  stages becomes 
paramount t o  f u r t h e r  i n v e s t i g a t i o n s .  I n  order  t o  conduct any f u r t h e r  
i n v e s t i g a t i o n s  i n t o  t h e  storm e l e c t r i c a l  environment, which i s  a 
d e s i r e d  goal o f  t h e  p r o j e c t ,  t h e  model must be capable o f  s i m u l a t i n g  
t h a t  environment throughout t h e  l i f e  c y c l e  o f  a storm. 

There 

I n  order  t o  be cons is ten t ,  we r e a l i z e d  t h a t  i t  

4.2 L i  ghtn i  ng Parameteri z a t i  on 

These considerat ions l e d  t o  i n v e s t i g a t i n g  t h e  quest ion o f  
i n c o r p o r a t i n g  (parameter iz ing)  the  l i g h t n i n g  d ischarge i n  t h e  SEM. We 
have two types o f  l i g h t n i n g  t o  deal w i t h ;  cloud-to-ground and i n t r a -  
cloud. While i n t r a c l o u d  l i g h t n i n g  i s  t he  l e s s  w e l l  studied, i t  i s  
a l s o  t h e  most f requent  t o  occur d u r i n g  a storm. 
i n t u i t i v e l y ,  t o  be t h e  l e s s  compl icated o f  t h e  two t o  i n c o r p o r a t e  
i n  t h e  model and t h e r e f o r e  was chosen t o  be examined f i r s t .  

It a l s o  seems, 

Without going i n t o  t h e  arguments p ro  and con, we chose t o  adopt 
t h e  phi losophy o f  Kasemi r (1960, 1984) whereby t h e  o v e r a l l  i n t r a c l o u d  
l i g h t n i n g  channel i s  e l e c t r i c a l l y  neu t ra l .  The charges t h a t  e x i s t  on 
t h e  channel are t h e  r e s u l t  of i o n i z a t i o n  along t h e  channel and are not 
"gathered" from t h e  surrounding c loud volume. When one deals w i t h  the  
s imu la t i on  o f  t he  l i g h t n i n g  discharge, which i s  a subgr id  sca le  process 
i n  t h e  SEM, f o u r  bas ic  c r i t e r i a  must be e s t a b l i s h e d  i n  order  t o  account 
f o r  t h e  process: 1) i n i t i a t i o n ;  2) d i r e c t i o n  o f  propagat ion;  
3)  terminat ion;  and 4)  charge r e d i s t r i b u t i o n .  I n  a t tempt ing  a f i r s t  
o rde r  approximation t o  t h e  l i g h t n i n g  discharge, t h e  idea i s  t o  keep 
t h e  processes i nvo l ved  as simple as p o s s i b l e  w h i l e  s t i l l  t r y i n g  t o  
mai n t a i  n a phys i ca l  l y  reasonable approach t o  t h e  problem. Simp1 i c i  t y  
i s  a l s o  i n  order  because t h e  phys i ca l  mechanisms invo lved  i n  deter-  
m i n i n g  these c r i t e r i a  are poo r l y  understood a t  t h i s  po in t .  Thus, we 
have b a s i c a l l y  employed a s i n g l e  parameter approach t o  t h e  f i r s t  t h r e e  
processes ment i oned above . 
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Recent ly  Wi l l iams -- e t  a l .  (1985) have made a study o f  e l e c t r i c a l  
d ischarges i n  polymethlymethacrylate (PMMA) which had been i n j e c t e d  
w i t h  e l e c t r o n s  t o  form var ious space charge con f igu ra t i ons .  They found 
adequate scaled c o r r e l a t i o n s  t o  be able t o  re1 a t e  t h e  observed behavior 
o f  t he  discharges i n  t h e  PMMA blocks t o  l i g h t n i n g  discharges i n  thunder- 
clouds. The paper focused on t h e  l o c a l  e l e c t r i c  f i e l d  s t reng th  and 
t h e  space charge d i s t r i b u t i o n  as t h e  f a c t o r s  c o n t r o l l i n g  t h e  ex ten t  
and d i  r e c t i  on o f  propagat ion o f  t h e  d i  scharge channel . 
ex ten t  and magnitude o f  t h e  space charge c loud are impor tant  i n  t h e  
morphology of t h e  l a b o r a t o r y  discharges, they i d e n t i f y  t h e  l o c a l  
e l e c t r o s t a t i c  f i e l d  as the s ing le most impor tant  parameter i n  
c o n t r o l l i n g  such discharges. And a l though t h e r e  i s  no d i r e c t  j u s t i -  
f i c a t i o n  f o r  e x t r a p o l a t i n g  t h e i r  r e s u l t s  t o  what takes p lace  i n  
thunderclouds, a s c a l i n g  approach and t h e  a p p l i c a t i o n  o f  t h e i r  model 
t o  s p e c i f i c  thunderstorm s i t u a t i o n s  argues i n  favo r  o f  accept ing a 
p o s s i b l e  c o r r e l a t i o n .  As a r e s u l t  o f  t h e i r  work and t h e  concept o f  
mai n t a i  n i  ng simp1 i c i  t y  i n  t h e  i n i  t i  a1 approach t o  t h e  1 i ghtn i  ng 
parameter izat ion,  i t  was decided t o  use t h e  l o c a l  e l e c t r i c  f i e l d  as 
t h e  parameter c o n t r o l l i n g  t h e  f i r s t  t h r e e  c r i t e r i a  i n  t h e  above l i s t .  

A s  an i n i t i a t i o n  c r i t e r i o n ,  a t h r e s h o l d  e l e c t r i c  f i e l d  was chosen 
w i t h  a value o f  400 kV/m. Wil l iams e t  a1 . (1985) quote a value o f  
500-1000 kV/m f o r  a breakdown f i e l d  5 their Table 1. It has f r e -  
quen t l y  been mentioned t h a t  the in-c loud breakdown f i e l d  must be i n  
t h e  v i c i n i t y  of 400 kV/m since t h e  h ighes t  r e l i a b l e  i n -c loud  f i e l d  
measurements have peaked near t h a t  value. We f e e l  t h a t  us ing t h i s  
va lue i n  t h e  model i s  reasonable because t h e  value a t  a g r i d  p o i n t  
represents  t h e  average value o f  t he  q u a n t i t y  w i t h i n  a g r i d  box 200 m 
on a s ide ( f o r  t h i s  model) and t h i s  average would most l i k e l y  c o n s i s t  
o f  both h i g h e r  and lower values. 

Whi 1 e t h e  

The t e r m i n a t i o n  c r i t e r i o n  was se lec ted  t o  be a c r i t i c a l  f i e l d  
s t r e n g t h  o f  150 kV/m based on work done by G r i f f i t h s  and Phelps (1976) 
i n v o l v i n g  t h e  propagat ion of p o s i t i v e  streamers i n  t h e  l abo ra to ry .  
Whi l e  se r ious  quest ions can be r a i s e d  about the  appropr iateness of 
e x t r a p o l a t i n g  such a laboratory  value t o  t h e  atmosphere, we f e e l  t h a t  
i t  represents a reasonable threshold t o  use i n  t h e  f i r s t  approximation. 
It i s  t r u e  t h a t  t he  stepped leader which precedes a cloud-to-ground 
d ischarge appears t o  propagate through r e y i  ons where t h e  f i e l d  s t r e n g t h  
does no t  exceed a few k i l o v o l t s  per  meter and such an e x t i n c t i o n  
c r i t e r i o n  as proposed above would not  seem t o  be app l i cab le ;  however, 
we are on ly  d e a l i n g  w i t h  t h e  i n t r a c l o u d  discharge a t  present. 

I n  keeping w i t h  our s ing le  parameter fo rmu la t i on  f o r  t he  discharge 
process, we have chosen t o  use t h e  e l e c t r i c  f i e l d  vector  i n  determin ing 
t h e  d i r e c t i o n  o f  t he  propagation path. Because the  model domain i s  
composed o f  g r i d  p o i n t s  i n  a rectangular  pa t te rn ,  t h e  l i g h t n i n g  path i s  
cons t ra ined  t o  move e i t h e r  along t h e  s i d e  o f  a g r i d  box o r  a long i t s  
diagonal ,  depending upon the d i  r e c t i o n  o f  t h e  e l e c t r i c  f i e l d  vec to r  a t  
t h a t  po in t .  
o f  t h e  f i e l d  vec to r  w i t h  respect t o  t h e  v e r t i c a l  d i r e c t i o n  and 

An a l g o r i t h m  has,been developed which computes t h e  angle 
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determines whether t h e  path should be taken along t h e  diagonal  o r  
t h e  side. 
respect  t o  t h e  v e r t i c a l ,  t h e  diagonal  path i s  not chosen unless the 
c a n t i n g  exceeds a value of 22.5'. 
s t r a i n t s  created by t h e  use of a rec tangu la r  g r i d ,  t h e  r e s u l t i n g  
l i g h t n i n g  channel w i l l  probably be a r t i f i c i a l l y  re lega ted  t o  a more 
v e r t i c a l  propagat ion path than would normal ly  be observed i n  nature; 

knowledge d i c t a t e .  
vec to r  a t  t h e  t i p  o f  t h e  propagat ing l eader  i s  impor tant  i n  deter-  
m in ing  the propagat ion d i r e c t i o n ;  however, t h i s  i s  beyond t h e  scope 
o f  a -- f i r s t  o rde r  approximat ion and i s  t he  sub jec t  o f  a c u r r e n t  
research e f f o r t .  F i n a l l y ,  s ince t h e  i n i t i a t i o n  p o i n t  o f  t he  channel 
i s  the po in t  of h ighest  e l e c t r i c  f i e l d  s t rength,  t h e  channel propa- 
g a t i o n  i s  b i - d i r e c t i o n a l  from t h a t  p o i n t ,  moving both p a r a l l e l  and 
a n t i - p a r a l l e l  t o  t h e  f i e l d  vec to r  and t e r m i n a t i n g  when t h e  f i e l d  
s t r e n g t h  along each segment f a l l s  below t h e  c u t o f f  threshold.  

Even though t h e  vec to r  may be (and u s u a l l y  i s )  canted w i t h  

Because o f  these geometric con- 

however, f o r  a f i r s t  approximation, t h i s  seems t o  be a reasonable 
approach which can be improved upon as experience and increased 

\ .  
0 

For example, we recognize t h a t  t h e  e l e c t r i c  f i e l d  

I n  order t o  evaluate t h e  e f f e c t i v e n e s s  o f  these c r i t e r i a ,  a t e s t  
was conducted u s i n g  model output  from a s i m u l a t i o n  o f  t h e  19 J u l y  1981 
c l o u d  which was observed i n  t h e  v i c i n i t y  o f  M i les  City, MT, and pro- 
duced a s i n g l e  i n t r a c l o u d  l i g h t n i n g  discharge ( i n f e r r e d  from t h e  
e l e c t r i c  f i e l d  measurements o f  t h e  NCAR/NOAA sa i l p lane ,  see Dye e t  
&' a1 1986). The i n i  t i a t  i on, propagat i  on, and te rm i  nat  i on c r i  t e r c  as 
o u t l i n e d  above were a p p l i e d  t o  t h e  model p r e d i c t e d  s t a t e  o f  t he  c loud 
a t  a t i m e  when t h e  e l e c t r i c  f i e l d  was s u f f i c i e n t  a t  some p o i n t  i n  the  
domain t o  exceed t h e  i n i t i a t i o n  threshold.  From t h i s  p o i n t ,  t he  
discharge path was computed i n  t w o  d i r e c t i o n s  f o l l o w i n g  t h e  e l e c t r i c  
f i e l d  vector. The upward and downward paths cont inued u n t i l  t h e i r  
t e rm ina t ion  th resho lds  were reached, a t  which p o i n t  t h e  d ischarye i n  
t h a t  d i r e c t i o n  was stopped. The r e s u l t s  o f  t h i s  process are shown 
i n  F ig .  6 which d e p i c t s  t h e  model c a l c u l a t e d  l i g h t n i n g  channel 
superimposed on t h e  ambient charge d i s t r i b u t i o n  (1 e f t  panel ) and t h e  
v e r t i c a l  e l  e c t  r i  c f i e l d  component ( r i  ght  panel ) . 
t h e  discharge o r i g i n a t e s  i n  t h e  reg ion  o f  maximum v e r t i c a l  e l e c t r i c  
f i e l d  which corresponds t o  a reg ion o f  low net charge densi ty .  The 
discharge path i s  b a s i c a l l y  v e r t i c a l  f o l l o w i n g  t h e  dominant v e r t i c a l  
e l e c t r i c  f i e l d  component and penetrates both t h e  p o s i t i v e  (upper)  and 
negat ive ( l ower )  charge centers.  One should note, however, t h a t  t h e  
e f f e c t  of t h e  h o r i z o n t a l  component o f  t he  e l e c t r i c  f i e l d  vector  (no t  
shown) becomes su f  f i c i  e n t  i n  t h e  v i  c i  n i  t y  o f  t h e  downward propagat i ng 
p a r t  of the path so t h a t  t h e  channel i s  d e f l e c t e d  t o  t h e  l e f t  as 
te rm ina t ion  takes place. The t o t a l  path l e n g t h  o f  t h e  discharge 
channel i n  t h i s  instance i s  2682 meters. 

We can see t h a t  

r e d i s t r i b u t e d  
being t rea ted  
u n i t  length a 

The parameter izat ion o f  t he  l i g h t n i n g  process must be completed by 
spec i f y ing  the  manner i n  which t h e  charge created along t h e  channel i s  

i n t o  the  environment. T h i s  aspect o f  t h e  problem i s  
t h e  charge per 
f f e r e n c e  between 

us ing  ideas from Kasemir (1984) i n  which 
ong t h e  channel i s  p r o p o r t i o n a l  t o  t h e  d 
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t h e  p o t e n t i a l  of t h e  channel (de f i ned  as t h e  p o t e n t i a l  a t  t h e  p o i n t  
where the channel i s  i n i t i a t e d )  and t h e  ambient p o t e n t i a l  created by 
t h e  cloud charge d i  s t  r i  b u t  i on. Such a scheme guarantees charge 
n e u t r a l i t y  o f  t h e  o v e r a l l  channel ( i f  p r o p e r l y  employed) and def ines a 
systemat ic means by which charge can be d i s t r i b u t e d  along t h e  channel 
length.  Since the  t o t a l  l e n g t h  of t h e  channel i s  known, t h e  t o t a l  
charge on each segment can be determined. Since i n t r a c l o u d  l i g h t n i n g  
may be character ized by f i l a m e n t a r y  branching i n t o  t h e  space sur-  
rounding t h e  main channel, a scheme i s  a l so  being devised t o  d i s t r i -  
b u t e  t h e  charge created along t h e  channel i n  t h e  space around t h e  
channel. Th i s  i s  a l s o  r e q u i r e d  i n  t h e  model s ince  t h e  numerical 
schemes employed i n  s o l v i n g  t h e  charge conservat ion equat ions are not 
capable o f  hand l i ng  t h e  shock o f  a l i n e  d i s c o n t i n u i t y  which would be 
c rea ted  if t h e  charge were al lowed t o  res ide  s o l e l y  along t h e  s imulated 
channel. Th i s  d i s t r i b u t i o n  i s  be ing approximated us ing  a Gaussian 
p r o f i l e  (Aexpc-k(x-xo) 23) t o  d i s t r i b u t e  t h e  charge h o r i z o n t a l l y  around 
t h e  main channel. Here A represents  t h e  magnitude o f  t h e  l i n e  charge 
d e n s i t y  along t h e  channel, xo i s  t h e  x coo rd ina te  o f  t h e  channel and k 
i s  a s c a l i n g  c o e f f i c i e n t  chosen t o  cause t h e  charge value t o  decrease 
t o  a s p e c i f i e d  f r a c t i o n  of i t s  channel value a t  t h e  edge o f  t he  
d i s t r i b u t i o n  region. Since t h e  minimum reso lvab le  scale o f  a f i n i t e  
d i f f e r e n c e  model o f  t h i s  type i s  t w i c e  t h e  g r i d  i n t e r v a l ,  it i s  neces- 
sa ry  t h a t  a minimum o f  t h r e e  g r i d  p o i n t s  be i n v o l v e d  i n  t h e  d e f i n i t i o n  
of a d i s t r i b u t i o n .  
we are s t a r t i n g  w i t h  f o u r  g r i d  p o i n t s  on e i t h e r  s i d e  o f  t h e  channel 
p a t h  (1.6 km t o t a l  w id th )  t o  e s t a b l i s h  t h e  d i s t r i b u t i o n  region. 
Experience w i l l  d i c t a t e  m o d i f i c a t i o n s  t o  t h i s  aspect o f  t he  problem 
which i s  t h e  c u r r e n t  focus o f  our research e f f o r t s .  

I n  t h e  case o f  t h e  l i g h t n i n g  charge d i s t r i b u t i o n ,  
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The r e s u l t s  o f  these i n v e s t i g a t i o n s  have y iven us some c lues t o  
t h e  problem o f  t h e  low a l t i t u d e  s t r i k e  environment re levan t  t o  the  F106 
program. I n  add i t i on ,  t h i s  work has r a i s e d  several  p o i n t s  t h a t  have 
lead  t o  a d d i t i o n a l  research t h r u s t s  o f  a p ioneer ing  nature. 

With regard t o  t h e  low leve l  s t r i k e  environment, t h e  s i m u l a t i o n  o f  
t h e  Wallops I s l a n d  case has shown t h a t ,  w i t h i n  the  l i m i t a t i o n s  o f  t he  
model physics,  a reg ion  o f  h i g h  e l e c t r i c  f i e l d  s t r e n g t h  does occur i n  
t h e  15-20 k f t  a l t i t u d e  range. I n  t h e  e a r l y  developmental stage o f  t he  
storm, t h i s  h igh  f i e l d  reg ion i s  assoc iated w i t h  t h e  presence o f  
graupel ,  and p o s s i b l y  turbulence, making it a reg ion where f l i g h t  
ope ra t i ons  would have t o  be r e s t r i c t e d .  However, i t  i s  e n t i r e l y  
p o s s i b l e  t h a t  a t  a l a t e r  t ime i n  t h e  storm's l i f e  cyc le ,  such a h igh  
f i e l d  r e g i  on would cont i nue t o  ex i  s t  w i t h o u t  bei  ng accompanied by 
t h r e a t e n i n g  condi t ions.  I n  add i t i on ,  t he  Wallops I s l a n d  s imu la t i on  
was cha rac te r i zed  by l i t t l e  wind shear, leadiny t o  a nea r l y  v e r t i c a l  
development o f  the modeled storm. I n  a case where a s t ronger  
environmental  shear were present, t he  h igh  f i e l d  reg ion  might not be 
concomitant w i t h  t h e  presence o f  graupel o r  t he  graupel p roduc t i on  
m iyh t  not be as heavy as i n  t h i s  case. Such specu la t i on  can on ly  be 
resolved by t e s t i n g  t h e  Wallops I s l a n d  s i m u l a t i o n  f u r t h e r  i n  t ime and 
runn i  ng a d d i t i o n a l  s imulat ions o f  storms i n  which envi ronmental shear 
i s more s i  gn i  f i cant. 

The a b i l i t y  of the SEM t o  run a s i m u l a t i o n  f u r t h e r  i n  t ime than i s  
c u r r e n t l y  poss ib le  depends on t h e  development o f  t he  l i y h t n i n g  d i s -  
charge parameter izat ion.  This i s  t he  p ioneer ing  research r e f e r r e d  t o  
above. No prev ious attempts t o  model t h e  character  o f  t he  ac tua l  
l i g h t n i n g  discharge channel have been made i n  t h e  context  o f  a l a r g e  
s c a l e  s i m u l a t i o n  model o f  t h i s  type. 
problem has been undertaken i n  which t h e  ambient e l e c t r i c  f i e l d  i s  t he  
parameter used t o  determine the i n i t i a t i o n ,  propagat ion,  and termina- 
t i o n  c r i t e r i a  f o r  t h e  simulated discharge. Using these c r i t e r i a ,  we 
have been able t o  c rea te  a l i y h t n i n g  channel w i t h i n  t h e  context  o f  an 
a c t u a l  storm sirnulat ion.  T h i s  channel, w h i l e  not t o r t u o u s  i n  nature,  
does e x h i b i t  some o f  t he  c h a r a c t e r i s t i c s  we would expect t o  see i n  dn 
i n t  rac loud  d i  scharge. 

A f i r s t  order  approach t o  t h e  

The key t o  t h e  cont inued development and use o f  t he  SEM as a 
research t o o l  l i e s  i n  the  completion and improvement o f  t h e  l i g h t n i n g  
pa ramete r i za t i on  scheme. This work i n v o l v e s  the  Parameter izat ion of 
t h e  charge rearrangement associ a ted w i t h  the  1 i g h t n i  ng process, t he  
development o f  a scheme t o  account f o r  t h e  cloud-to-ground discharge, 
and seeking improvements i n  the propagat ion and t e r m i n a t i o n  c r i t e r i a .  
These t h r e e  aspects o f  t he  parameter izat ion scheme a re  c u r r e n t l y  being 
i nves t i ga ted .  
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